The next generation of needle-free mucosal vaccines is being rationally designed according to rules that govern the way in which the epitopes are recognized by and stimulate the genital mucosal immune system. We hypothesized that synthetic peptide epitopes extended with an agonist of Toll-like receptor 2 (TLR-2), that are abundantly expressed by dendritic and epithelial cells of the vaginal mucosa, would lead to induction of protective immunity against genital herpes. To test this hypothesis, we intravaginally (IVAG) immunized wild-type B6, TLR-2 (TLR2 − / − ) or myeloid differentiation factor 88 deficient (MyD88 − / − ) mice with a herpes simplex virus type 2 (HSV-2) CD8 + T-cell peptide epitope extended by a palmitic acid moiety (a TLR-2 agonist). IVAG delivery of the lipopeptide generated HSV-2-specific memory CD8 + cytotoxic T cells both locally in the genital tract draining lymph nodes and systemically in the spleen. Moreover, lipopeptide-immunized TLR2 − / − and MyD88 − / − mice developed significantly less HSV-specific CD8 + T-cell response, earlier death, faster disease progression, and higher vaginal HSV-2 titers compared to lipopeptide-immunized wild-type B6 mice. IVAG immunization with self-adjuvanting lipid-tailed peptides appears to be a novel mucosal vaccine approach, which has attractive practical and immunological features.
INTRODUCTION
Herpes simplex virus type 2 (HSV-2) remains the most common sexually transmitted pathogen that initiates infection at genital mucosal surfaces. Genital herpes is the most common sexually transmitted disease worldwide. 1 In the absence of strong local immunity, recurrent ulcerative lesions, produced by viral reactivation from dorsal root ganglia, predispose and increase the risk of acquiring human immunodeficiency virus (HIV) 2 -4 and papillomavirus associated with cervical carcinoma. 5, 6 In some cases, HSV-2 infections are fatal to newborns and cause encephalitis or meningitis in adults. 7 Despite the availability of many intervention strategies, such as behavioral education, condom usage, and standard antiviral drug therapies, the transmission rate of herpes has continued to rise during the past three decades. 1, 8 Thus, there remains a serious need to develop an alternative immunoprophylactic or immunotherapeutic vaccine strategy to control the spread of herpes. 2, 3, 8 However, there is currently no vaccine available against genital herpes.
Over the last five decades, numerous conventional candidate live attenuated and killed herpes vaccines that were efficacious in animal models failed in clinical trials (reviewed in references 4, 5 ). The majority of these vaccines is administered parenterally and can induce strong systemic immune responses. However, they do not generate significant immunity at the mucosal site of infection nor in the local draining lymph nodes of the genital tract (GT), that many experts see as necessary to prevent the transmission or limit the severity of sexually transmitted diseases. 6,9 - 15 We hypothesize that an efficient subunit intravaginal A genital tract peptide epitope vaccine targeting TLR-2 efficiently induces local and systemic CD8 + T cells and protects against herpes simplex virus type 2 challenge ARTICLES (IVAG) vaccine would induce local immunity at -or at least close to -the site of genital infection thus maximizing its ability to protect the GT from subsequent HSV-2 challenge. However, the progress toward an IVAG vaccine still faces significant challenges including: (i) the overall low immunogenicity of subunit formulations delivered into the GT compared to other mucosal routes (e.g., intranasal route); 6, 16 -18 (ii) the imperative requirement for a safe and effective mucosal adjuvant; 4, 19, 20 and (iii) a better understanding of key effector immune molecules of the vaginal mucosal immune system. 21 -23 The initial host response to vaccination occurs after Tolllike receptors (TLRs) on dendritic cells (DCs) are stimulated through specific TLR agonists. In the last decade, there has been an interest in targeting TLR in the GT to induce protective immunity against sexually transmitted diseases, including HSV-2 (reviewed in references 6, 23 ). Thus, recent studies have investigated the TLR expression patterns in the GT and reported that both DC and epithelial cells of the vaginal and cervical mucosa abundantly express bioactive TLR-2. 23 -28 In the meantime, we and others have established that parenteral delivery of self-adjuvanting peptides extended by a TLR-2 agonist (palmitic acid moiety), can induce significant protective immunity (reviewed in reference 4 ). Moreover, intranasal administration of palmitoyl-tailed peptide epitopes induced strong local and systemic T-cell responses. 4, 29 -32 We have also found that, in vitro , antibody blocking of TLR-2, but not TLR-4, abrogates DC presentation of lipopeptide epitopes to T cells. 33 We therefore hypothesized that IVAG lipopeptide vaccines targeting TLR-2 would induce local and systemic T-cell immunity and protect the female GT against herpes.
As a model antigen, we used a prototype CD4 + T-helper CD8 + T-cytotoxic chimeric epitope lipopeptide that consists of the HSV glycoprotein B (gB) CD8 + cytotoxic T cell (CTL) immunodominant epitope (gB 498 -505 ) in line with the Pan DR peptide (PADRE), a universal CD4 + helper T cell (Th) epitope. This prototype lipopeptide molecule was linked in turn to three palmitic acid moieties and designated helper-cytotoxic-T-lymphocyte chimeric epitopes (Th-CTL lipopeptide). 34 We show here that IVAG delivery of Th-CTL lipopeptide elicited both local and systemic HSV-specific effector and memory CD8 + T-cell responses, reduced virus replication in the GT, and subsequently protected from overt signs of genital disease. Induction of interferon (IFN)--producing CD8 + T cells by Th-CTL lipopeptide was dependent on TLR2 and myeloid differentiation factor 88 (MyD88). Our results highlight the potential of self-adjuvanting lipopeptides as a novel, noninvasive needle-free IVAG vaccine approach to prevent the transmission and / or limit the severity of sexually transmitted diseases.
RESULTS

IVAG immunization with peptide epitopes extended by a palmitic acid moiety induced HSV-specific CD8 + T cells in the lymph nodes that drain the genital tract
B6 mice were immunized IVAG two times at 21 days interval with equimolar amount of Th-CTL lipopeptide, Th-CTL nonlipidated peptide control, Th peptide (PADRE), or CTL peptide alone ( n = 10 per group). Ten days after the second immunization, inguinal lymph nodes were harvested and analyzed for gB 498 -505 peptide-and HSV-specific T-cell responses by IFN--ELISpot assay. The group immunized with Th-CTL lipopeptide developed significantly more gB 498 -505 -and HSV-specific IFN--producing CD8 + T cells in the inguinal lymph nodes than any other group ( P ≤ 0.05 for all; Figure 1a ) The Th-CTL nonlipidated peptide group had more gB 498 -505 peptide-specific CD8 + T cells than the other control groups ( P < 0.05) but these CD8 + T cells did not respond to HSV-2. There were no significant differences between the other control groups. In addition, a mixture of Th-CTL nonlipidated peptide analog + palmitic acid did not induce CD8 + T-cell responses (not shown), thus underlying the requirement for a covalent linkage between the TLR-2 agonist and the peptide backbone.
Next, B6 / H2 b (EL4) target cells were either pulsed with gB 498 -505 peptide or infected with a vaccinia virus-expressing gB (VVgB) and tested in a standard 51 Cr release assay for recognition by CD8 + T cells from the lymph nodes of IVAGimmunized mice ( Figure 1b ). The CD8 + CTL lines generated by the lipopeptide lysed both gB 498 -505 peptide-pulsed and VVgB-infected target cells, confirming the immunogenicity of the lipopeptide-administered IVAG and the functional presentation of endogenously expressed gB 498 -505 epitope to T cells.
Induction of CD8 + cytotoxic T cells that recognize endogenously processed HSV-gB at distant systemic sites
To determine if the T-cell responses induced by IVAG immunization with Th-CTL lipopeptide were disseminated to distant systemic sites and whether they will recognize endogenously processed gB, spleen (SPL) were harvested 10 days following the second immunization and analyzed for VVgBspecific CD8 + CTL by 51 Cr assay, as above. Significantly, more VVgB-specific CD8 + CTL activity was detected in the SPL of the Th-CTL lipopeptide-immunized group than in the group immunized with nonlipidated peptide analog ( P = 0.003; Figure  2a ). Additionally, no VVgB-specific CTL activity was detected in the SPL of mice immunized with Th peptide or CTL peptide alone.
We next performed an objective enumeration of HSVgB 498 -505 -specific CD8 + T cells induced by Th-CTL lipopeptide, Th-CTL peptide, Th, or CTL peptides alone, using the MHC tetramer-staining assay. After the second IVAG immunization, SPL cells from each group were restimulated in vitro with heat-inactivated HSV-2 and stained with HSV-gB 498 -505 H2-K b tetramer followed by CD8 staining. As shown in Figure  2b , approximately 8 % of total CD8 + T cells detected in SPL of Th-CTL lipopeptide-immunized mice were HSV-gB 498 -505 H2-K b tetramer positive. The other groups had a low percentage of CD8 + HSV-gB 498 -505 H2-K b tetramer positive cells. As expected, staining for the irrelevant OVA 257 -264 / H2-K b tetramer was at a nonsignificant level (0.12 -0.043 % , not shown).
We assessed whether Th-CTL lipopeptide IVAG immunization would induce a polarized memory type 1 (Tc 1 ) or type 2 (Tc 2 ) cytotoxic T-cell responses. Ten days after the second IVAG immunization with Th-CTL lipopeptide, local draining inguinal ARTICLES lymph node (DLN)-derived CD8 + T cells were isolated from each group of mice and restimulated in vitro with HSV-1 gB 498 -505 peptide-pulsed DCs. The amounts of IFN-, interleukin (IL)-2, IL-4, and IL-12 released in the T-cell culture medium were determined in a sandwich ELISA assay. IVAG administration of Th-CTL lipopeptide induced high amounts of IFN-, IL-2, and IL-12 but only a small amount of IL-4 ( Figure 2c ). The corresponding nonlipidated peptide failed to induce any significant cytokine response. The levels of IFN-, IL-2, and IL-12 correlated with CTL activity shown in Figure 2a . Collectively, these data show that IVAG immunization with Th-CTL lipopeptide not only elicited cytolytic CD8 + T cells ( Figure 2a ) but also induced a pattern of cytokines ( Figure 2c ) consistent with a polarized Tc 1 response.
Functional characterization of in vivo HSV-specific CD8 + T cells
Two additional approaches were used to compare the effector functions of CD8 + T cells after IVAG immunization. First, HSVspecific CTL responses were compared in SPL using an in vivo CTL assay known as a CFSE CTL assay. This assay measures lysis of specific HSV-infected target cells adoptively transferred into immunized animals that have effector CD8 + T cells. The assay was performed 30 days after the second immunization. IVAG immunization with Th-CTL lipopeptide resulted in approximately 48 % lysis of specific targets compared to approximately 7 -8.5 % lysis in the controls when measured 1 h postadoptive transfer of HSV-infected targets ( Figure 3a ) . Thus, the CTL response of Th-CTL immunized animals was approximately sixfold higher than in control. As the in vivo CTL assay does not require in vitro expansion, this approach is considered direct evidence that IVAG Th-CTL lipopeptide immunization induced systemic CD8 + T-cell responses to HSV.
A second approach comparing the upregulation of early (CD69) and late (CD44) makers of CD8 + T-cell activation. This assay was performed ex vivo 30 days after the second immunization. Single-cell suspensions of SPL cells were simultaneously triple stained for CD3, CD8, and either CD69 or CD44. Compared to the control groups, in the Th-CTL lipopeptide immunized group both CD69 ( Figure 3b ) and CD44 ( Figure  3c ) were upregulated on gated CD8 + T cells. These findings demonstrate that virus specific CD8 + T cells with CTL activity were induced in the SPL after IVAG immunization with Th-CTL lipopeptide.
The local CD8 + T cells induced in vivo by IVAG immunization with lipopeptide are partially TLR2 dependent
We have previously demonstrated that, in vitro , antibody blocking of TLR-2, but not TLR-4, abrogates DC presentation of lipopeptide epitopes to T cells. 33 Next, we assessed whether the lack of TLR-2 molecules will affect in vivo T-cell immunogenicity of Th-CTL lipopeptide delivered IVAG. Both gB 498 -505 In vivo proliferation of gB 498 -505 -specific CD8 + T cells induced by IVAG / lipopeptide immunization, as detected in vivo by CFSE assay, was also lower in TLR2 − / − mice compared to wild-type H2 b mice ( Figure 4c ). Altogether, these results indicate that the mucosal T-cell immunogenicity of lipopeptides delivered IVAG is at least partially TLR-2 dependent. . B6 mice ( n = 5) were immunized as described in Figure 1 . Ten days after the second immunization spleens were harvested and in ( a ) vaccinia virus expressing glycoprotein B (VVgB)-specific CD8 + CTL was measured in spleen by 51 Cr release assay at an effector -target (E:T) ratio of 30 in ( b ) frequency of HSV-gB 498 -505 -specific CD8 + T cells were measured by tetramer. CD8 + T cells were stimulated in vitro with heat-inactivated virus pulsed Ag-presenting cells (APCs) and stained with a PE-labeled anti-CD8 mAb followed by an FITC-labeled HSV-gB 498 -505 / H2-K b tetramer. Cells were analyzed using a FACSCalibur with a total of 4 × 10 5 events collected for each point. 
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mice received an IVAG HSV-2 challenge (2 × 10 4 pfu), 2 weeks following the second immunization. Mice immunized with lipopeptide showed significantly higher survival (90 % ) compared to mice immunized with the Th-CTL peptide control (only 60 % of mice survived; P < 0.005), with Th or CTL peptide alone (30 % survived, respectively; P < 0.005; Figure 5a ). The pathology scores observed in the Th-CTL lipopeptide group were also much lower than all other groups ( P = 0.0002 for all; Figure 5b ). Additionally, viral titers measured in the vaginal washes from days 5, 7, 9, and 11 postinfection showed that the Th-CTL lipopeptide group had significantly lower viral loads than the other groups ( Figure 5c ).
To assess the involvement of CD4 + and CD8 + T-cell subsets in the protection induced by IVAG immunization with the Th-CTL lipopeptide, in vivo depletion of either CD4 + or CD8 + T cells was performed in immunized mice before virus challenge. Depletion of CD8 + T cells, but not of CD4 + T cells, significantly abrogated the protection induced by immunization with the Th-CTL lipopeptide ( P < 0.005; Table 1 ), suggesting that in this system, CD8 + T cells are required for protection against lethal genital herpes.
Altogether, these results indicate that IVAG immunization with Th-CTL lipopeptides in the progestin-treated mouse model of genital herpes decreased virus replication at the site of infection and decreased overt signs of genital herpes disease. The results also suggest that CD8 + T-cell-mediated immunity was involved in the protection.
IVAG immunization with Th-CTL lipopeptide induced protective memory CD8 + T-cell responses
The longevity of the HSV-specific CD8 + T-cell response induced following IVAG immunization with Th-CTL lipopeptide was investigated 60 days after the final immunization. In DLNs which are the main location of the memory pool, Th-CTL lipopeptide immunization elicited memory CD8 T cells with cytotoxic activity against the HSV gB 498 -505 epitope, similar to that induced by HSV-2 TK − ( Figure 6a ). In addition, HSV specific memory CD8 T cells were detected by INF-ELISpot One hour after injection, spleen cells were harvested from individual mice and acquired on a FACS. The percentage of specific lysis was determined as mentioned in Methods. The number shown in each plot is the mean of percent antigen specific lysis, determined from gate M1, and that was observed in four mice per group. ( b and c ) Single cell suspensions of spleen were analyzed for expression of early and late marker of activation; CD44 and CD69 (dashed lines), or isotype control (dark line). Following FACS analysis, the forward angle and side scatter gates were set on the CD3 + population. Gating on the CD8 + population determined the proportion of CD8 + T cells that expressed the activation markers. These data are representative of three independent experiments.
ARTICLES
in DLN and SPL of both lipopeptide and HSV-2 TK − immunized mice ( Figure 6b ). The higher number of INF--producing CD8 + T cells following HSV-2 TK − immunization is likely due to induction of responses to multiple HSV epitopes, in addition to gB 498 -505 epitope that is the unique CD8 + T-cell epitope in Th-CTL lipopeptide.
To assess the protective ability of Th-CTL lipopeptide during the memory phase, mice were treated with Depo-Provera (DP) 60 days after the final immunization and then challenged intravaginally with 2 × 10 4 pfu of HSV-2, as above. Similar to HSV-2 TK − immunized mice, Th-CTL lipopeptide-immunized mice were more resistant to death, to genital disease and to virus replication than 
Absence of myeloid differentiation factor 88 abolishes HSV-specific CD8 + T-cell response and protection elicited by intravaginal lipopeptide immunization
To examine the contribution of MyD88, a critical adaptor protein shared by most of TLRs, 35 in the immunogenicity of lipopeptides delivered intravaginally, groups of age-matched female MyD88 − / − mice ( n = 10) and wild-type parental B6 mice ( n = 10) were immunized intravaginally either with 
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Th-CTL lipopeptide or with live, attenuated HSV-2 (HSV-2 TK − ; positive control). Negative control mice received PBS alone. Ten days after the second immunization, cells from DLNs were harvested and analyzed for HSV-specific CD8 + T-cell responses by IFN--ELISpot assay as above. B6 mice developed significantly more HSV-specific IFN--producing CD8 + T cells than MyD88 − / − mice ( P ≤ 0.003; Figure 7a ). In contrast, the apparent similar trend in HSV-2 TK − immunized mice did not reach significance. Thus, IVAG immunization with lipopeptide did not induce HSV-specific CD8 + T-cell responses in MyD88 − / − mice, consistent with the role of MyD88 in the downstream signaling triggered by TLR-2 and lipopeptide (palmitic acid agonist) interactions. 36 In an additional experiment, mice immunized as above, received DP treatment and were challenged intravaginally with 2 × 104 pfu of HSV-2 10 days after the final immunization. MyD88 − / − mice immunized with lipopeptide had increased death and developed more genital disease compared to B6 mice ( Figure 7b and c ) , whereas HSV-2 TK − immunization provided similar protection against both genital disease and death in wild-type and MyD88 − / − mice. In addition, lipopeptide immunized MyD88 − / − mice had significantly higher virus titers in their genital secretions on day 5 compared to lipopeptide immunized B6 mice ( P ≤ 0.005; Figure 7d ). As expected, wild-type and MyD88 − / − mice immunized with HSV-2 TK − had similar reduced virus titers compared to control nonimmunized wild-type and MyD88 − / − mice (Mock). Together, these results strongly suggest that MyD88 is important for the ability of Th-CTL lipopeptide to induce mucosal immunity following intravaginal immunization.
DISCUSSION
Induction of pathogen-specific T cells through an IVAG immunization with nonreplicating, nontoxic and self-adjuvanting subunit vaccines is seen as an ideal approach to prevent the transmission or limit the severity of sexually transmitted infectious diseases. In this study, we demonstrated that TLR-2 targeting by a lipopeptide vaccine administered into the GT-induced protective HSV-2-specific CD8 + T-cell responses. Mice immunized IVAG with the herpes lipopeptide showed higher survival and lower pathology scores following genital HSV-2 challenge than mice immunized with nonlipidated peptide analog. Moreover, vaginal viral replication was reduced in the lipopeptide-vaccinated group. These findings clearly demonstrate that, although the GT has been considered a poor inductive site for immunization with nonreplicating subunit vaccines, 6 IVAG delivery of a Mucosal surfaces constitute an impressive first-line defense system that is frequently exposed to an array of exogenous Ags. 29, 37, 38 Mucosa of the female and male GT are the portals of entry for many sexually transmitted infectious diseases of viral, bacterial, fungal, and parasitic origin. 14, 39 The mucosal immune system is largely separate and distinct from the systemic immune system. 31 Several studies have shown that there is also compartmentalization within the mucosal immune system itself, so that mucosal immunization induces stronger immune responses at, and adjacent to the site of induction, compared to distant sites. 14,29,31,37 -39 Although the GT is considered a component of the mucosal immune system, it displays several distinct features not shared by other typical mucosal immune systems. 6, 40 For example, GT tissues lack inductive mucosal sites analogous to nasal associated lymphoid tissue 6,40 or intestinal Peyer ' s patches. 38 The female GT does however have the ability to initiate an immune response against infection by a variety of sexually transmitted pathogens, such as HSV-2 and Neisseria gonorrhoeae. 14, 29, 37, 39 The GT lacks organized lymphoid structures resembling the follicules of the conjunctiva where the ocular mucosal immune responses are initiated and disseminated to other effector sites. 6,40,41 Consequently, local T-cell responses stimulated in the GT by subunit vaccine (e.g., recombinant proteins or peptide epitopes) have been weak or absent, and repeated IVAG immunizations result in minimal immune responses. 12 Several studies of GT immunization have shown that administration of nonreplicating antigens into the vagina can result in the generation of specific immunity. 13, 40, 42 However, these responses were rather modest and were not disseminated either to other mucosal sites or to the systemic compartment.
Thus, during the last two decades, the development of herpes vaccines delivered into GT has almost exclusively been based on live attenuated vaccines. 5,12, 14 The focus on live vaccines also comes because an efficient immunization in the GT likely requires strategies capable of stimulating local CD8 + CTLs, i.e., the vaccine must deliver antigen to endogenous MHC class I pathway. However, safety concerns are often voiced regarding live GT vaccination. Molecularly defined antigenic formulations for IVAG vaccination offer a noninvasive means of enhancing the immune response against target antigens and thus may offer an approach in human immunization protocols in which CD8 + T-cell induction is critical. 29, 30, 43 Reports showed that subunit vaccine delivered with CpG mucosal adjuvant, a TLR-9 agonist, induced protective immunity in mice against vaginal challenge with HSV-2., 17, 44 Most lipopeptide vaccine approaches have been tested parenterally 4,45 -47 whereas a few reports showed enhancement of mucosal immune responses following intranasal delivery. 4 , 48 We previously demonstrated that intranasally administered human cytomegalovirus and malaria-derived lipopeptide epitopes induced both mucosal and systemic B and T-cell responses. 4,29,30 Studies have also reported that mucosal adjuvant macrophage-activating lipopeptide-2 directly stimulates B cells via TLR-2 without the need of accessory cells. 49 This study is the first to demonstrate that lipopeptidedelivered IVAG efficiently stimulates HSV-specific local and systemic CD8 + T cells via TLR-2. Importantly, the induced CD8 + T cells interfered with virus replication in the GT and protected mice from most overt signs of herpes disease. The efficacy of lipopeptides as nonreplicating, nontoxic, and selfadjuvanting anti-HSV vaccines has clearly demonstrated that protective antiviral immunity can be achieved by non-live virus strategies. The study also showed that IVAG immunization with Th-CTL lipopeptide can induce local memory CD8 + T cells in the draining lymph nodes and decrease death, disease progression, HSV-2 titers in the vagina. Thus, local HSV-specific CD8 + T cells are likely important immune effectors in viral clearance from the vaginal mucosa.
A major goal of HSV-2 vaccine development is the induction of mucosal immune responses able to stop or reduce viral infection directly at the portal of entry. Shortcomings in developing an effective immunization strategy against genital herpes include an imperative requirement for a safe delivery system. 20 In most cases, unmodified nonvectorized peptide epitopes fail to elicit specific T cells, unless they are attached to a carrier protein or delivered with a strong adjuvant. 6 Often, the delivery of the peptides in this manner is unsafe and / or promotes Th2 types of responses, 29, 30, 43 which would not be expected to provide optimal protection against genital herpes. 50 -53 Extending peptide epitopes with a TLR-2 agonist (e.g., palmitic acid) generates cellmediated responses in the absence of external adjuvant, apart from the lipid moiety itself, and offers a safer immunogenic formulation than commonly employed external adjuvants. 4, 29, 30 Lipopeptide vaccines are potent, safe and practical for use in humans. 4, 29, 30 Lipopeptide formulations are easily manufactured, can be sterilized by filtration, and are compatible with all antigens tested to date. 4, 29, 30 Lipopeptide vaccines delivered parenterally have been shown in clinical trials to be potent stimulators of CD4 + T cells, CD8 + T cells, and Ab responses. 33, 54 Physicochemical properties and toxicology studies in animal models and in two Phase I studies have established the safety of HIV and malaria lipopeptide vaccines. 33, 54, 55 The present report focused on herpes lipopeptides and demonstrated their ability, when delivered in saline via the IVAG route, to induce CD8 + T-cell-dependent protective immunity against genital herpes. As HSV-2 infection, usually acquired through genital contact, invades human mucosa, the use of an IVAG immunization may offer a safer and more effective route for a genital herpes vaccine. 42, 56 A recent study showed generation of a protective immunity against genital herpes after IVAG immunization with the HSV-2 recombinant gB mixed with CpG external adjuvant. 12 Here we showed that a single immunodominant CD8 + T-cell epitope from gB delivered IVAG in the form of a self-adjuvanting lipopeptide also generates protective immunity. The use of different adjuvants and Ags likely explains differences between the two studies regarding the effector mechanism of protection. Thus, in our study we found that local CD8 + T cells are key ARTICLES effectors in the protection against genital herpes, whereas the study above attributed the protection mainly to IgG / IgA antibodies. As neutralizing antibody does not appear to play a major role in protection against HSV in humans, 57 the use of lipopeptide, a TLR-2 agonist that appeared to simulate mucosal cellular immunity may be a preferred adjuvant over the TLR-9 agonist CpG, that appeared to simulate mostly mucosal humoral immunity. In addition, CpG causes toxicity in both animals 39,58 -60 and humans, 61, 62 whereas the lipid moiety used here appears safer in both animals 29,30,33,46,63 -65 and in recent clinical trials. 47, 66, 67 Molecularly defined epitope-based mucosal vaccines capable of inducing anti-HSV immune responses, in a manner compatible with human delivery, are limited. Few molecules achieve this target without utilizing external mucosal immunoadjuvant. The lipopeptide vaccine described here combines minimal sequences of the HSV-gB CD8 + CTL epitope (gB 498 -505 ) along with a Th epitope (PADRE) covalently linked to a TLR-2 agonist (the palmitic acid moiety). The Th-CTL lipopeptide acts as a selfadjuvanting immunogen following IVAG delivery, facilitating the generation of an HSV-specific CD8 + T-cell response via the TLR-2-MyD88 pathway. We should also give emphasis to our recent observation 68 that HSV gB protein contains " symptomatic " T-cell epitopes, which are potentially harmful rather than protective against genital herpes disease. Thus, epitopebased vaccines that exclude " symptomatic " epitopes should be preferable to whole protein based vaccines that likely include both protective and harmful epitopes. 68 The cellular and molecular mechanism underlying the strong T-cell immunogenicity of lipopeptides when delivered mucosally has yet to be fully elucidated. In this study, we have demonstrated that, in vivo , TLR2 was involved in T-cell immunogenicity of lipopeptide delivered IVAG. This implies that lipopeptide might engage TLR2 directly on CD8 + T cells and lower the threshold for optimal antigen-induced T-cell activation. This phenomenon has been recently reported. 69 DCs are essential component of the mucosal immune system. They are the professional Ag-capturing and Ag-presenting cells (APCs) with the unique ability of priming naive CD4 + as well as CD8 + T cells. 33 It has become increasingly clear that induction and modulation of mucosal immunity against infectious pathogens requires immunogenic formulations that allow efficient targeting and maturation of DCs. 4, 70 In addition, DCs in the GT express high levels of TLR-2 and are important effector cells bridging the innate and acquired immune responses during HSV-2 vaginal clearance. 70 An essential feature of lipopeptide immunogenicity is the lipid component, which is thought to enhance Ag-uptake, to redirect the peptide epitope to either exogenous or endogenous pathways of antigen presentation and to induce DCs maturation allowing efficient priming of naive T cells. 4, 29, 30, 33 We have previously demonstrated that lipopeptides are taken up predominantly by immature DCs. 46, 71, 72 This appeared to increase cell surface expression of MHC and costimulatory molecules and produced proinflammatory cytokines, thus providing efficient T-cell stimulation. 34 Altogether, the present findings of TLR-2 requirement for IVAG lipopeptide immunogenicity provide further insight into the cellular and molecular mechanisms behind the potent CD8 + T-cell immunogenicity of lipopeptides and confirm recent reports from our and other groups. 4, 29, 30, 33, 70 DCs are responsible for the priming of anti-HSV cell-mediated immunity at the systemic as well as at the mucosal level. 1 We previously reported that DCs are the predominant APCs, besides the monocytes / macrophages, involved in the uptake of lipopeptide Ag. 30 DCs are a heterogeneous population of antigen-presenting cells, of which conventional DCs and plasmacytoid DCs are the main subsets. Like DC subsets in the central lymphoid organs, DC subsets in the vaginal mucosa also exert specific functions that can be associated with distinct expression of endocytic receptors and cell-surface molecules. In recent years, DC populations are increasingly split up into a seemingly endless number of defined subpopulations. Understanding the phenotypic and functional role of different DC subsets during mucosal immunization is essential for a deeper understanding of the immune response to pathogens such as HSV-2. The fine-tuned balance that exists between the various functions of vaginal DC subsets, which are necessary for maintaining immune homeostasis in the vagina, remain to be fully elucidated. However, IVAG mucosal infection or immunization can profoundly alter the functions of steady-state DC subsets and recruit inflammatory type DCs to the vagina. We hypothesize that on IVAG lipopeptide immunization, the plasmacytoid DCs recruited to the vaginal mucosa are the main APCs targets of our lipopeptide vaccine strategy, as has been recently shown in other systems. 1 Therefore, it will be important to characterize these DC subsets in vaginal mucosa and DLNs and assess their role during IVAG immunization with Th-CTL lipopeptide.
Interaction of lipopeptides with DCs -the principal immunecompetent cells to encounter antigens within mucosal membranes, triggered their phenotypic and functional maturation. 4, 33 In addition, we showed that, in vitro , presentation of lipopeptide by DCs to T cells involved interaction with TLR-2 on the cell surface of DCs. 33 It has been reported that the tripalmitoyl lipopeptide Pam(3)CysSK(4) (Pam), interacts directly with mouse T cells via TLR-2. 69 Such interaction induced a costimulation and produced an increase in T-cell proliferation and survival associated with sustained CD25 expression and enhanced expression of Bcl-xL anti-apoptotic protein. However, whether the tri-palmitoyl lipopeptide used in this study acts in vivo to induce T cells indirectly (by interaction with DCs) or by direct interaction with T cells remains to be determined. Cottalorda has recently reported that in vivo TLR-2 engagement on T cells lowers the activation threshold for costimulatory signals delivered by APC. 69 Based on these results and our own report on the effect of lipopeptide on the phenotypic and functional maturation of DCs, 4, 29, 30, 33 it is likely that the strong mucosal immunogenicity of lipopeptides involves interaction of the lipid moiety with both DCs and T cells. The cellular mechanisms underlying the mucosal immunogenicity of these lipopeptides are currently being investigated in our laboratory.
MyD88 is a critical adaptor protein shared by most TLRs, including TLR-2. 35 In this study, we have found that MyD88 is important for mucosal immunogenicity and protective efficacy of Th-CTL lipopeptide. Compared to wild-type B6 mice,
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MyD88 − / − mice develop significantly lower HSV-specific CD8 + T-cell responses following intravaginal immunization with Th-CTL lipopeptide. In addition, Th-CTL lipopeptide immunized MyD88 − / − mice remained highly susceptible to genital herpes. Thus, following vaginal challenge with HSV-2, MyD88 − / − mice had higher vaginal HSV-2 titers; and faster genital disease progression compared to wild-type B6 mice. To our knowledge, this is the first evidence that the adaptor protein MyD88 is required for induction of HSV-specific CD8 + T-cell immunity following vaginal immunization with a lipopeptide. These findings have implications for the development of novel immunization approaches to generate adaptive mucosal immunity in the female GT against herpes. These findings also point to the important role of the TLR-2 / MyD88 signaling pathway in mucosal immunity induced by Th-CTL lipopeptides. However, they do not exclude the involvement of other intracellular signaling pathways in the adjuvanticity of palmitic acid moiety and in the lipopeptide mucosal immunogenicity. The intracellular pathways underlying TLR-2 signaling following IVAG immunization with lipopeptides are currently being investigated in our laboratory.
The chemical attachment of the TLR-2 agonist to the Th-CTL peptide backbone might ensures its uptake by TLR-2-expressing cells such as DC and epithelial cells within the GT mucosa, which then assist antigen processing and full activation of local T cells. The synthetic approach makes it possible to optimize the various components of future candidate Th-CTL lipopeptide vaccines, bearing recently identified human Th and CTL epitopes, 73 by structure -activity relationship studies. In this respect, proper design of the three-component vaccine is essential, because it has been shown that a compound composed of the inferior adjuvant Pam3Cys (which lacks the important tetralysine moiety) and a human Th epitope elicits low immune response (reviewed in Moyle and Toth 48 and BenMohamed et al . 4 ). Furthermore, we found here that covalent attachment of the three components is required for optimal antigenic responses in the GT. Probably, the lipid moiety may facilitate proper presentation and retention of the Th-CTL peptide within the GT.
Both CD4 + and CD8 + T cells appear to be the major effectors in controlling genital HSV-2 infection and disease. 68,73 -77 Even though clearance of HSV-2 from recurrent genital lesions correlates with the infiltration of both HSV-2-specific CD4 + and CD8 + T cells, 78, 79 the CD4 + T cells infiltrate first and are associated, time-wise, with a drop in infectious virus titer within the vaginal lesions. 80, 81 CD4 + T cells, directed against envelope and capsid proteins are thought to be among the main mediators of protective immunity during recurrent genital herpes. 82 -85 Besides CD4 + T cells, several lines of evidence, in both animal models and humans, also support a critical role for CD8 + T cells in the control of HSV infection and in surveillance function that limits virus reactivation. 78,79,86 -89 Local infiltration of HSV-specific CD8 + CTL correlates with clearance of infectious virus particles in human recurrent genital herpes. 78, 79 HSV-2-specific CD8 + T cells persistently infiltrate healed genital herpes lesions. 52 In mice, HSV-2-specific CD8 + T cells infiltrate acute and latently infected ganglia and mediate control over viral reactivation in an IFN--dependent manner. 90 Depletion of CD8 + T cells impairs clearance of virus from sensory neurons, whereas adoptive transfer of TCR transgenic CD8 + T cells, specific for gB 498 -505 epitope, into naive mice lacking other components of adaptive immunity results in viral clearance. 91, 92 In this study, we used a totally synthetic Th-CTL lipopeptide that incorporates the immunodominat gB 498 -505 epitope along with a CD4 + T-cell epitope (Pan DR or PADRE epitope) and demonstrated a strong protection against genital herpes following IVAG delivery. Although the protective immunity induced by this self-adjuvanting formulation is CD8 + T-cell-dependent, coinduction of CD4 + T cells and the lipid component are critical for the establishment of the protective CD8 + T cells. Indeed, the corresponding Th-CTL peptide analog without the lipid or, the CTL lipopeptide alone, or the Th lipopeptide alone failed to induce the protective immunity (not shown). CD4 + T cells fulfill their role of T helper in providing help for the establishment of CD8 + T-cell memory during initial antigen priming. 37 It is also possible that the lipid will have a role at the early phase of immune induction through its ability to mature the priming DC in a TLR-2-dependent manner, as we recently reported. 4, 29, 30 The possibility exists that lipopeptide induced local T cells limit HSV-2 replication at the initial site of infection, the vaginal mucosa, and thus prevents the infection from innervating neurons. 56 In addition, immunization with lipopeptide improved the magnitude of IFN-production, a type of response that has been linked to protection from IVAG infection with HSV-2. 93 Together, these result suggest that the mechanisms underlying the protection induced by lipopeptides may involve local CD8 + T cells, which secrete cytokines such as IFN-which limit the establishment of viral infection in the vaginal tract and / or its spread to dorsal ganglia and the central nervous system. 94 IFN-may also be essential in increasing the effectiveness of T-cell-dependent virus clearance mechanisms by upregulating MHC class I expression on HSV-infected cells to allow better recognition and lysis by CD8 + T cells. 33, 95 That immunization with lipopeptide generates IFN-production is consistent with our studies and previous reports demonstrating that induction of T-cell responses by gD lipopeptides correlates with viral protection. 33 In conclusion, this study illustrates the vaccine potential of a herpes lipopeptide against genital HSV-2 infection on an IVAG delivery in the absence of external adjuvant. The results demonstrate that the protective efficacy of this formulation is associated with the induction of CD8 + T-cell responses. Lipopeptides engineered in this study using the chimoselective ligation are simple to produce, pure under GMP conditions and produce enhanced local and systemic immunogenicity without the need for external mucosal adjuvant. They offer a needle-free and relatively low-cost route to provide material for human herpes vaccination trials.
METHODS
Mice . TLR2 knockout (TLR2 − / − ) and MyD88 deficient mice (MyD88 − / − ), 4 -5 weeks old, were provided by Shizuo Akira (Osaka ARTICLES University, Osaka, Japan), and were on the C57BL / 6 background. Female C57BL / 6 (H2 b ) mice, 4 -5 weeks old, were purchased from the Jackson Laboratory (Bar Harbor, ME). Animal studies conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health.
Virus and cell lines . HSV-2 strain 333 was obtained from Dr Straus (NIH). The live attenuated thymidine kinase-deficient HSV-2 (HSV-2 TK − ), was provided by James R. Smiley and Lynda A. Morrison. Triple plaque-purified HSV-2 was prepared as we described previously. 4, 41, 50, 63 Rabbit skin cells, used to prepare virus stocks and to culture virus from vaginal swabs, were grown in Eagle ' s minimum essential medium supplemented with 5 % fetal calf serum (InvitrogenGibco, Grand Island, NY). Heat-killed virus was made by heating virus solution at 100 ° C for 5 min. HSV inactivation was confirmed by the inability to produce plaques when tested on Vero cells, as we described. 41, 71 Peptides and lipopeptides . The structure of the totally synthetic palmitoyl-tailed Th-CTL lipopeptides used in this study is shown in Figure 8 and has been previously described. 34 Briefly, as a model antigen, the HSV-gB CD8 + CTL epitope (gB 498 -505 ) was synthesized in line with the PADRE, a universal CD4 + Th epitope. The peptide backbone, composed solely of both epitopes, was extended by N-terminal attachment of three ((PAM)3) palmitoyl lysines.
Immunizations and virus challenge . Five days before the first immunization and before challenge, to synchronize the estrous cycle at the progesterone-dominated stage and to facilitate uniform infection with HSV-2, 96 mice received three subcutaneous injections of 3 mg of DP (or medroxyprogesterone acetate; Upjohn Company, Kalamazoo, MI). Mice were immunized IVAG with equimolar amount (100 M ) of Th-CTL lipopeptide, Th-CTL nonlipidated peptide control, Th peptide (PADRE), or CTL peptide alone in PBS on days 0 and 21. In some experiments, mice were immunized IVAG with the live attenuated HSV-2 TK − , as previously described. 97 A preliminary experiment was conducted to determine the LD50 in mice of HSV-2 by intravaginal route. Five days following DP administration, the animals were challenged by IVAG inoculation of 2 × 10 4 pfu of HSV-2 in 20 l as described previously. 42, 56 Three weeks following the second immunization, mice were anesthetized by injectable anesthetic (ketamine -xylazine (0.75:0.25 ml)) given intraperitoneally, placed on their backs, and infected intravaginally with 2 × 10 4 pfu of HSV-2 in a total volume of 10 l. Mice were kept on their backs under the influence of anesthesia for 45 min to 1 h to allow infection.
Mice were anesthetized with sodium pentobarbital before virus inoculation, preswabbed with a sterile calcium alginate swab, and inoculated by instillation of virus suspension into the vaginal lumen. Mice were kept on their backs under the influence of anesthesia for 30 min to allow vaginal infection with the inoculum.
ELISpot assay . SPL cells were cultured in 24-well plates for 5 days in a humidified 5 % CO 2 atmosphere with HSV-gB 498 -505 peptide alone (10 g / ml), the irrelevant OVA 257 -264 CD8 + T-cell peptide (10 g / ml), autologous HSV-2 infected stimulator cells, or mock-infected stimulator cells, and subsequently analyzed in an IFN--ELISPOT assay. 95 IFN--ELISpot assays were performed using the mouse IFN--ELISPOT mAb pair (BD Pharmingen, San Diego, CA). Briefly, on day 4, 96-well multiscreen-IP plates were coated over night at 4 ° C with 100 l (1:250) of anti-IFN-capture mAb. Plates were then blocked with RPMI-1640 medium supplemented with 10 % fetal calf serum for 2 h at room temperature. 5 × 10 4 cells / well were added in triplicate to mAb coated plates and incubated for 18 -24 h at 37 ° C, 5 % CO 2 . Plates were then washed with PBS, supplemented with a detection peroxidase-labeled antibody followed by a substrate according to the manufacturer ' s instructions. The developed spots were counted under a light microscope.
Flow cytometry . Standard flow cytometry was employed, as we previously described. 4, 29, 30 Various cell surface markers were assessed using FITC-anti-mouse CD4 mAb (GK1.5), FITC-anti-mouse CD8a mAb ARTICLES (53 - In vitro CTL activity . Spleen derived immune CD8 + T cells (5 × 10 6 ) were restimulated in vitro with HSV-gB 498 -505 target peptide (5 g / ml)-pulsed syngeneic-irradiated T-cell-depleted 1 × 10 6 splenocytes (2,500 rad from a 137 Cs source) and irradiated 1 × 10 6 EL-4 cells (3,000 rad from a 137 Cs source), as we previously described. 4,29,30,63 CTL activity was assessed by a standard 4-h 51 Cr release assay against EL4 target cells loaded with 10 M of HSV-gB 498 -505 target peptide or infected with heat-inactivated HSV-2 (multiplicity of infection = 3) as previously described 37, 63, 95 . After 5 days of culture, effector CD8 + cells were mixed at 1, 3, 10, 30, or 100 effector -target (E:T) ratios, with 51 Cr-labeled EL4 cells for 4 h. Maximum release of 51 Cr was determined by adding 5 % Triton X-100 to 51 Cr-labeled EL4 cells. Spontaneous release ( < 10 % of total release), was determined by incubating target EL4 cells with medium alone. The percentage of specific lysis was calculated as follows: 100 × ((experimental release × spontaneous release) / (maximum release − spontaneous release)).
In vivo CTL assay . The in vivo CTL assay was carried out as previously reported. 98 SPL cells from naive B6 mice were used as target cells and equally split into two populations. One was pulsed with 2.5 g gB 498 -505 peptide for 1 h at 37 ° C and then labeled with a high concentration (2.5 m) of CFSE. The other nonpulsed population was labeled with a low concentration of CFSE (0.25 m). Equal number of cells from each population (10 7 cells) was mixed together and adoptively transferred i.v. into naive and immunized B6 mice. In some experiments, splenocytes were collected either 1 or 4 h after adoptive transfer from recipient mice, erythyrocytes were lysed, and cell suspensions were analyzed by FACS. Percentage specific lysis = (1 − (ratio uninfected / ratio infected) × 100).
In vivo depletion of CD4 + and CD8 + T cells . In some experiments, beginning 21 days after the second dose of peptide vaccine, mice were i.p. injected with six doses of 100 l of PBS containing mAb GK1.5 (anti-CD4), a mAb 2.43 (anti-CD8) or hamster immunoglobulin treated control (NCCC, Minneapolis, MN) on days − 7, − 1, 0, 2, and 5 postinfection. Depletion of T cells was assessed by flow cytometric analysis of splenocytes at the end of the experiment (days 12 -13 postinoculation).
Monitoring virus replication . To quantify vaginal HSV-2, the vaginal canal of immunized and control mice were swabbed once daily (days 1 -10 postinfection) with a Dacron swab and each swab placed in a 75-mm culture tube containing 0.5 ml of media. 100 l aliquots of 10-fold serial dilutions were placed on confluent monolayer of rabbit skin cells in six-well plates, incubated at 37 ° C for 1 h and overlaid with medium containing 1 % methylcellulose. The plates were incubated at 37 ° C for 3 days, stained with 1 % crystal violet, and the viral plaques were counted.
Genital pathology . Genital pathology following infection with HSV-2 was monitored daily and was scored on a five-point scale: 0, no apparent infection; 1, slight redness of external vagina; 2, swelling and redness of external vagina; 3, severe swelling and redness of both vagina and surrounding tissue and hair loss in genital area; 4, genital ulceration with severe redness, swelling, and hair loss of genital and surrounding tissue; 5, severe genital ulceration extending to surrounding tissue. Animals were killed after stage 4. For the purpose of these studies animals that did not develop symptoms were defined as infected if virus was isolated from the vaginal swab specimens collected on day 2 after inoculation. 11, 12, 39, 93 Statistical analysis . Figures represent data from two or three independent experiments. The data was expressed as the mean ± standard error of the mean and were compared by Student ' s t -test using a STATVIEW II statistical program (Abacus Concepts, Berkeley, CA) and by twoway ANOVA using Graphpad Prism 4. Differences were considered significant when P < 0.05. All P values were two-tailed unless stated otherwise.
